Abstract-The major objective of the present study was to evaluate the correlation between structural nature of humic acids (HAs) and sorption affinity of organic compounds with varied polarity. We compared the sorption behavior of three aromatic compounds-nonpolar phenanthrene (PHEN) and 1,2,4,5-tetrachlorobenzene (TeCB) and highly polar 2,4-dichlorophenol (DCP)-to a solid-phase coal humic acid (CHA) and a soil humic acid (SHA) suspended in aqueous solution. The structural nature of HAs was characterized using elemental analysis, ultraviolet absorbance, diffusive reflectance Fourier-transform infrared, and solid-state 13 C nuclear magnetic resonance. The two tested HAs have very different structural properties: CHA consists primarily of poly(methylene)-rich aliphatics with high aromatic content and some COO/N-CϭO but low polarity, while SHA consists of young materials of lignin, carbohydrates, and peptides with high polarity. In response to the structural heterogeneity of HAs, sorption of nonpolar and more hydrophobic solutes (PHEN, TeCB) to CHA is much greater than that to SHA because of the predominance of hydrophobic effects; however, disparities in sorption affinity between the two HAs become smaller for polar and less hydrophobic DCP because of the major role played by polar interactions. The influence of pH on the sorption of different solutes to the two HAs was also discussed. The results of the present work highlight the importance of structural heterogeneity of both solutes and HAs in the sorption process.
INTRODUCTION
Sorption to soil/sediment organic matter (SOM) is one of the key processes controlling the mobility and activity of organic pollutants in surface and subsurface aquatic systems. Humic acids (HAs) are operationally defined as alkali-soluble but acid-insoluble components in the SOM matrix. Because HAs account for a significant fraction of SOM, it is of great importance to understand the sorption behavior of organic pollutants to HAs at the molecular level.
Humic acids are heterogeneous in structure, composing a mixture of macromolecular components with various types of functional groups (e.g., carboxyls, phenolic and alcoholic hydroxyls, and ethers) [1, 2] . Earlier studies showed that the structural nature of HAs is highly dependent on the source, diagenesis, and extraction procedures [1] [2] [3] [4] [5] . For example, terrestrial HAs often contain a larger carbon content, molecular weight, and aromaticity as compared to aquatic HAs [1] . Recently, using solid-state 13 C nuclear magnetic resonance (NMR) spectroscopy and elemental analysis, Ahmad et al. [6] investigated the structural heterogeneity of SOM in 24 soils from various agroecological regions and found substantial variations in terms of contents of carbonyl, aliphatic, carbohydrate, lignin, and charcoal components.
Intensive efforts have been made to correlate the sorption behavior of organic compounds with the molecular nature of HAs. Aromaticity and aliphaticity of HAs are found to be important factors to sorption. Numerous studies showed that the uptake of nonpolar solutes such as polycyclic aromatic hydrocarbons (PAHs) by HAs often positively correlates with the content of aromatic carbons [7] [8] [9] [10] . However, it is also reported that the sorption of nonpolar solutes to HAs increases with the content of aliphatic (e.g., paraffinic) carbons [4, 11, 12] . The performance differences observed between aromatic and aliphatic structures in the sorption process are not surprising considering the structural complexity and heterogeneity of HAs. In addition to aromaticity/ aliphaticity of HAs, polarity is another descriptor that is often used for predicting sorption affinities. In general, the organic carbon (OC)-normalized sorption coefficient (K OC ) of nonpolar solutes is negatively related to the overall polarity of SOM, which is simply indexed as atomic ratios of O/C or (OϩN)/C [4, [13] [14] [15] [16] . The results are understandable because sorption of nonpolar solutes to HAs is driven predominantly by hydrophobic effects that inversely correlate with the polarity of HAs. However, it should be pointed out that the sorpiton affinity of nonpolar solutes into SOM is not always in line with the polarity of HAs. Other factors, including the size and conformation of SOM, have to be taken into account in order to offer an adequate delineation of the sorption behavior [15, 17] . For example, the binding affinity of nonpolar solutes to dissolved organic matter, as measured by the apparent solubility enhancement, is highly dependent on the size (molecular weight) of nonpolar domains [15, 18] .
Compared to nonpolar solutes, fewer studies have been conducted to investigate the sorption of polar solutes to humic substances [19] [20] [21] . As noted earlier, HAs are rich in polar functional groups (carboxyls and alcohols) and therefore may invoke additive polar extrainteractions with polar solutes besides hydrophobic effects. For example, prior studies proposed H-bonding interactions of chloroacetanilide pesticides (alachlor) with soil humic acids [19] . Based on observations of solid-state 13 C NMR chemical shifts, Jurkiewicz and Maciel [20] advanced a mechanism of H bonding for sorption of acetone by humic acids. More recently, Niederer et al. [21] applied polyparameter linear free energy relationships to investigate a large data set of SOM-air partition coefficients of polar and nonpolar organic compounds with a range of humic substances at different humidity levels. Hydrogen donor-acceptor interactions were found to play an important role in the partitioning of the polar compounds, especially for those having small molecular sizes. This was attributed to the extraordinarily high ability of these compounds to enter into H. Sun et al. Table 1 . Water solubility (S W ), n-octanol-water partition coefficient (K OW ), and n-hexadecane-water partition coefficient (K HD ) for sorbates cross-linked SOM regions networked via strong intramolecular H bonding.
In the present study, we present a systematic study to compare the sorption behavior of three aromatic compounds with varied polarity to a coal-extracted Fluka (Riedel-de Haën, Seelze, Germany) HA and an agricultural soil-extracted HA by the batch technique. The molecular structure of HAs was characterized using elemental analysis, ultraviolet (UV) absorbance, diffusive reflectance Fourier-transform infrared (DRFTIR), and solid-state 13 C NMR to evaluate the impact of diverse HA characteristics on sorption.
MATERIALS AND METHODS

Materials
A soil sample was collected from the surface horizon (0-20 cm) from Suzhou, Jiangsu Province, in China. The soil has an OC content of 1.96% (w/w of a dry, carbonate-free sample) and is classified as a Stagnic Anthrosol. A soil humic acid (SHA) was extracted from the soil using a method similar to that in the literature [22] . The soil was air-dried and passed through a 2-mm sieve and was further treated with 0.2 M HCl to remove carbonates. After centrifugation, the obtained soil was mixed with 0.5 M NaOH and was continuously stirred under an atmosphere of N 2 at room temperate for 24 h. Then the soil suspension was centrifuged, and the supernatant was collected and acidified with 6 M HCl (with the final pH adjusted to 1.5) to precipitate the HA, followed by a washing with a mixture of 0.06 M HCl and 0.14 M HF to remove mineral residues. The HA solid was then dissolved with 0.1 M NaOH and neutralized with 1 M HCl. The resulting HA solution was dialyzed using membrane tubes (500 Daltons, Union Carbide, Houston, TX, USA) and freeze-dried. The obtained HA was stored in a sealed vial for later use. A coal humic acid (CHA) was purchased from Fluka with a further deashing treatment by HCl/HF. Sorbates include two nonpolar compounds, phenanthrene (PHEN, Fluka) and 1,2,4,5-tetrachlorobenzene ([TeCB], Aldrich, St. Louis, MO, USA), and one polar compound, 2,4-dichlorophenol ([DCP], Aldrich). Solute aqueous solubility (S W ), n-octanol-water partition coefficient (K OW ), and n-hexadecane-water partition coefficient (K HD ) are listed in Table 1 .
Characterization of HAs
Elemental analysis. The elemental analysis on freeze-dried HAs was performed using an elemental analyzer of Heraeus CHN-O-RAPID (Hanau, Germany) to determine the C, H, O, N, S contents.
DRFTIR analysis. This was performed using a spectrometer (Nexus 870 FT-IR, Madison, WI, USA) on freeze-dried HA mixed with KBr at a ratio of 1 to 100 (w/w). The FTIR spectra were recorded over the range of 4,000 to 400/cm with 32 scans at a resolution of 4/cm.
E4/E6 ratio analysis. A UV spectrometer (UV-2450, Kyoto, Japan) was used to measure the ratios of absorbance at 465 and 665 nm (E4/E6 ratios) of HAs dissolved in aqueous solution over a pH range of 2.4 to 9.3. To prepare the HA solution, a HA sample was dissolved by 0.1 M NaOH and then mixed with distilled water to reach an apparent concentration of 50 mg/L. The resulting HA solution was adjusted to the desired pH by 0.1 M NaOH and HCl, followed by filtration through a 0.45-m membrane.
Solid-state 13 C NMR analysis. All the solid-state 13 C NMR experiments were performed on a Bruker Avance 400 spectrometer (Silberstreifen, Rheinstetten, Germany) at 100 MHz with 4-mm sample rotors in a triple-resonance probe head. The following four different techniques were explored. (1) Highspeed quantitative 13 C direct polarization/magic angle spinning (DP/MAS) provides quantitative structural information of HAs. The analysis was conducted at a spinning speed of 14 kHz with a 13 C 90Њ pulse length of 4 s. Recycle delays were tested by the cross-polarization/spin lattice relaxation timetotal sideband suppression (CP/T 1 -TOSS) technique to ensure that all carbon sites were fully relaxed. The details of this technique are given elsewhere [23] . (2) 13 C CP/TOSS and (3) 13 C CP/TOSS with dipolar dephasing: Qualitative composition information was obtained with good sensitivity by 13 C CP/ TOSS. NMR experiments at a spinning speed of 5 kHz and a CP time of 1 ms with a 1 H 90Њ pulse length of 4 s and a recycle delay of 1 s. Four-pulse TOSS [24] was employed before detection, and two-pulse phase-modulated (TPPM) decoupling was applied for optimum resolution. The corresponding subspectrum with signals of nonprotonated carbons and mobile groups such as rotating CH 3 was obtained by 13 
Batch sorption
Sorption was carried out in polytetrafluoroethylene-lined screw-cap glass vials of capacity 22 ml receiving 50 mg HAs. Sufficient volume of background solution containing 0.02 M NaCl and 200 mg/L NaN 3 (bioinhibitor) was added to the vial, followed by test organic solute in methanol carrier kept below 0.1% (v/v) to minimize cosolvent effects. The solutions were mixed end over end at room temperature for 3 d. After centrifugation, the solute TeCB was extracted from an aliquot of the aqueous phase with hexanes and analyzed by gas chromatography with electron-capture detection using a 60-m ϫ 0.25-mm DB-1 capillary column (J&W Scientific, Folsom, CA, USA). The solute PHEN or DCP was analyzed directly by high-performance liquid chromatography with a UV detector using a 4.6 ϫ 150 mm HC-C18 column (Agilent, Foster City, CA, USA). Isocratic elution was performed under the following conditions: 90% methanol:10% water (v:v) with a wavelength of 254 nm for PHEN and 80% methanol:20% water (v:v) with a wavelength of 231 nm for DCP. To take account for solute loss from processes other than sorbent sorption (sorption to glassware and septum and volatilization), calibration curves were obtained separately from controls receiving the same treatment as the sorption samples but no sorbent. Calibration curves included at least seven standards over the test concentration range. When electron-capture detection was used in organic analysis, calibration curves were fit to a power law expression to account for the detector response nonlinearity. Based on the obtained calibration curves, the sorbed mass of organic solute was calculated by subtracting the mass in the aqueous phase from the mass spiked. The pH was unadjusted and was approximately 4.6 for CHA samples and approximately 5.4 for SHA samples at sorption equilibrium, as measured at the end of sorption experiments. A separate set of experiments were conducted to test the pH effect on sorption where pH was adjusted by 0.1 M NaOH and HCl over a range of 2.3 to 6.5. All of the sorption samples were prepared in duplicate. Table 2 , along with the calculated molar ratios of O/C and (OϩN)/C. Obviously, SHA has a much larger (OϩN)/C ratio than CHA, indicating a higher content of polar structures.
RESULTS AND DISCUSSION
Characterization of HAs Elemental analysis. Elemental compositions of C, H, O, N, S of the two HAs are given in
DRFTIR analysis. The DRFTIR spectra of the two HAs are shown in Figure 1 . According to earlier FTIR studies of HAs [4, 26] , the bands at 2,931 and 2,855/cm of SHA and at 2,920 and 2,851/cm of CHA are ascribed to aliphatic methylene asymmetric and symmetric stretching, respectively. The sharper and stronger bands of CHA suggest a larger content of aliphatic carbons relative to SHA. The 1,453 and 1,390/cm bands of SHA are assigned to the stretching of lignin structures. The 1,701/cm band of CHA is characteristic of the stretching of carbonyl groups. Two very strong bands were only observed for SHA at 1,650 and 1,031/cm, respectively, corresponding to the stretching of peptide and carbohydrate structures.
E4/E6 ratio analysis. Figure 2 displays the relationship of E4/E6 ratios versus pH for the two HAs. The E4/E6 ratio of humic substances reportedly decreases with increasing molecular weight and condensation of aromatic structures [1] . In the present study, the E4/E6 ratio increases from 4.9 to 6.8 for SHA, while it only slightly decreases from 4.6 to 4.4 for CHA as pH increases from approximately 2.4 to 9.3. Thus, one can derive that, compared to CHA, the different components of SHA would be tightly bound to form larger and more condensed structures as pH decreases. This argument is supported by the fact that SHA contains a larger content of polar functional groups whose H-bonding ability would be enhanced at the low pH to favor formation of cross-linked networks.
Solid-state 13 C NMR analysis. The 13 C DP/MAS spectra in Figure 3a to b provide quantitative structural information of CHA and SHA, respectively. The assignments and the percentages of different functional groups are listed in Table 3 . The assignments are approximately as follows [23] : 0 to 50 ppm, nonpolar alkyl; 50 to 64 ppm, nitrogen carbon hydrogen in a peptide structure (NCH) and OCH 3 ; 64 to 110 ppm, carbohydrates; 93 to 144 ppm, aromatic C; 144 to 162 ppm, aromatic C-O; 162 to 188 ppm, COO and N-CϭO; and 188 to 220 ppm, ketone, quinone, or aldehyde C. The proportions of total spectral area differ noticeably between the CHA and SHA fractions. The results show that CHA contains much more aromatics and much less carbohydrates than SHA. This is consistent with the sources of the two HAs; CHA is from much older coal, while SHA is from a soil whose organic matter is younger. Moreover, although both HAs have similar contents of nonpolar alkyls, the associated structures of SHA are more diverse, whereas those of CHA are composed primarily of poly(methylene), exhibiting a sharp peak at approximately 30 ppm (Fig. 3) and probably forming a domain [27] .
In order to analyze structures in more detail and select subspectra of specific types of chemical groups, two spectralediting techniques-dipolar dephasing and trum (Fig. 3a) of CHA, the corresponding 13 C CP/MAS spectrum (Fig. 3c ) has a much more reduced 100-to 220-ppm region that is assigned to sp 2 -hybridized carbons. This significant reduction is due primarily to significant signals lost in sidebands due to the high chemical shift anisotropies of sp 2 -hybridized carbons and low cross-polarization efficiencies due to significant nonprotonated carbons. The sp 2 -hybridized carbon signals of 13 C CP/MAS spectrum of SHA (Fig. 3d) are also reduced compared with its corresponding 13 C DP/MAS spectrum (Fig. 3b) ; however, the extent is much less. Although cross polarization can enhance sensitivity and also shorten recycle delays, several problems, such as low CP efficiency of nonprotonated and mobile carbons or regions having short proton rotating-frame spin-lattice relaxation time, spinning sidebands, and baseline distortions, render 13 C CP/ MAS spectra nonquantitative. These problems can be solved by using the 13 C DP/MAS technique. In the DP/MAS, direct polarization is used, and thus the problems associated with CP are avoided. Moreover, DP/MAS allows for high spinning speeds so that the sidebands are placed outside the region of the center bands; therefore, it is easy to integrate sidebands and add them to the center bands. Thus, 13 C DP/MAS provides quantitative structural information and has been proven to be much more reliable than 13 C CP/MAS. The corresponding 13 C CP/TOSS spectra after 40 s of dipolar dephasing (Fig. 3e and f) exhibit solely signals of nonprotonated carbons and mobile groups, including rotating CH 3 groups, which have a reduced C-H dipolar coupling due to their fast motion. The dipolar-dephased spectrum of CHA (Fig. 3e) shows small signals from highly mobile CH 3 (10-24 ppm) and (CH 2 ) n (ϳ30 ppm) components and small signals from nonprotonated aromatics (ϳ130 ppm), aromatic C-O (ϳ150 ppm), and COO/NCϭO groups (ϳ173 ppm). As expected, we do not detect OCH 3 groups that are characteristic of lignin. The dipolar-dephased spectrum of SHA (Fig. 3e) shows signals from CH 3 (ϳ20 ppm) and mobile (CH 2 C CSA-filtered spectrum of SHA (Fig. 2h) at approximately 100 ppm, but no such band is detected in the 13 C CSA-filtered spectrum of CHA (Fig. 2g) .
In sum, for SHA the O-C-O and OC signals at approximately 64 to 110 ppm are indicative of the existence of sugar rings. Its dipolar-dephasing experiment shows that at approximately 55 ppm, there are NCH signals in addition to OCH 3 ; moreover, the signals at approximately 176 ppm provide evidence for the existence of N-CϭO. The combination of NCH and N-CϭO shows the composition of peptides in SHA. Also, dipolar dephasing experiment is indicative of the existence of lignin. Therefore, it can be concluded that SHA is composed of sugars, peptides, and aromatics that are mostly connected to polar functional groups to form lignin structures. Alternatively, CHA consists of nonpolar poly(methylene)-rich aliphatics that probably form a domain, as demonstrated by a sharp peak at approximately 30 ppm [11, 27] , as well as high aromatics and some N-CϭO/COO, ketones, and aldehydes. It has been demonstrated that the poly(methylene)-rich amorphous aliphatic domain can offer an excellent environment for the sorption of phenanthrene by partitioning [11] . Figure 4a , and the parameters are given in Table 4 . In general, the Freundlich model provides good fits. The linearity index n covers a relatively narrow range from 0.78 to 0.94 (departures from n ϭ 1 imply nonlinear sorption). The highest and lowest sorption nonlinearities are observed for DCP and TeCB, respectively. Moreover, for all three test compounds, sorption to SHA is slightly more nonlinear than that to CHA. The K OC for different sorbate-sorbent combinations was also calculated (values at 0.01 S W and 0.1 S W also shown in Table 4 ).
Sorption to HAs
For all three of the tested solutes, much stronger sorption is observed for CHA than for SHA (see Fig. 4a and K OC values in Table 4 ). The sorption of PEHN and TeCB is more than two orders of magnitude stronger, and the sorption of DCP is three times stronger. It is well established that sorption of nonpolar solutes, including PAHs and chlorobenzenes to SOM, is dominated by hydrophobic partition [15, [28] [29] [30] . To be consistent with this mechanism, numerous studies have shown that sorption of nonpolar solutes is inversely related to SOM polarity (indexed by ratios of O/C or [OϩN]/C) [4, [13] [14] [15] [16] . Compared to CHA, SHA has a larger (OϩN)/C ratio ( Table 2 ) and contains more polar structures (peptides and carbohydrates), as shown by the DRFTIR and 13 C NMR data. Therefore, SHA is overall less hydrophobic, resulting in much weaker hydrophobic effects in sorption of the two nonpolar solutes (PEHN, TeCB). However, for the highly polar solute of DCP, polar interactions (mainly H bonding) with the O-and N-containing groups of HAs contribute significantly to the sorption process, and hydrophobic effects thus become relatively less important. Because of a larger number of interacting sites of polar groups, SHA is expected to invoke stronger polar interactions than CHA, which compensate for the shortage in the sorption free energy contributed from the hydrophobic effects. This explains why DCP shows smaller differences in sorption affinity between CHA and SHA as compared to PHEN and TeCB.
Different patterns can be found between the two HAs when comparing the sorption affinities of different solutes (Fig. 4a) . For CHA, the sorption isotherms of PHEN and TeCB nearly overlap, and they are displaced upward by nearly one order of magnitude relative to that of DCP. For SHA, PHEN and DCP show very close sorption affinities, and the weakest sorption is observed for TeCB. The overall trend of sorption affinity to CHA positively correlates with solute hydrophobicity (PHEN ഠ TeCB k DCP), as justified by solute S W and K OW values (Table 1) . However, the sorption affinity of DCP to SHA, as compared to PHEN and TeCB, is much higher than predicted based on the mechanism of hydrophobic partition, suggesting the predominance of polar interactions in the sorption process.
The contribution of specific sorption-driving forces can be better understood with normalization of solute hydrophobicity. In the present study, we adopted the method of Borisover and Graber [31] using n-hexadecane as a reference solvent on this purpose. The benefit of using n-hexadecane over n-octanol is that the former is structured by the inert methylene structure, providing a common dispersion force field with the lowest potentiality for polar/polarizable, electron donor-acceptor interactions. Figure 4b shows the normalized sorption isotherms plotted as q OC against C H , (mmol/L), which represents the solute concentration in n-hexadecane that would be in equilibrium with the observed aqueous concentration (C H ϭ C W ·K HD ). On normalizing for solute hydrophobicity, the overall trend of sorption affinity is DCP k PHEN Ͼ TeCB for both HAs. The strongest normalized sorption of DCP can be ascribed to polar interactions (mainly H bonding) with the polar functional groups of HAs. A larger gap between DCP and PHEN or TeCB is observed for sorption to SHA than to CHA, agreeing with the fact that SHA has more polar structures (peptides and carbohydrates) to better facilitate polar interactions of DCP. Furthermore, PHEN shows slightly stronger sorption than TeCB by both HAs with normalization of solute hydrophobicity. This can be explained by the -electron donor-acceptor interactions existing specifically between PAHs (-electron donors) and SOM -acceptor sites (heterocyclic amines and aromatic rings substituted with electron-withdrawing groups such as carboxyl and ketone) [32] .
The Freundlich linearity index (n) covers a range of 0.80 to 0.94 for CHA, and a range of 0.78 to 0.90 for SHA (Table  4) , indicating varied isotherm nonlinearity of different sorbate/ sorbent combinations. Although the differences are small, it is clear that for a given solute the isotherm nonlinearity of SHA is higher than that of CHA. Therefore, for the sorbate/ sorbent system studied in the present work, it can be concluded that sorption nonlinearity slightly increases with HA polarity but decreases with HA aromaticity. These results seem to be contradictory to earlier observations that sorption nonlinearity of nonpolar solutes often positively correlates with the aromaticity of different HA or SOM fractions sequentially extracted from a single soil/sediment [4, 5] . This is probably because the two HAs tested in the present study are originated from very different sources (soil vs coal) and vary significantly in molecular nature. Compared to CHA, the contribution from hydrophobic effects to the overall sorption to SHA becomes relatively less important because it contains more polar structures, therefore resulting in higher isotherm nonlinearity (ideal hydrophobic partition would lead to linear sorption).
The pH effect on sorption to the two HAs is presented separately for different solutes in Figure 5 . It is clear that the two HAs show different patterns of pH-dependent sorption. For CHA, changing the pH from approximately 2.3 to 6.5 has a slight influence on sorption of the three tested solutes; for SHA, changing the pH decreases the sorption of PHEN and TeCB by more than one order of magnitude and decreases the sorption of DCP by half. Inconsistent results of pH effects on sorption of nonpolar solutes (PAHs) to SOM are reported in the literature [17, [32] [33] [34] [35] . For example, only slight pH effects were demonstrated for the binding affinity of 3 to five-ring PAHs to dissolved HAs from soils determined by the fluorescence quenching technique as well as the reversed-phase separation technique [34] . However, Pan et al. [17] showed significant influence of pH on the binding coefficient of PAHs by dissolved HAs. The diverse pH effects observed on sorption is probably due to the structural complexity and heterogeneity of HAs from different sources.
Increasing the pH from 2.3 to 6.5 would make the carboxyl groups of HAs completely deprotonated but leave the phenol groups protonated. Once the carboxyl groups of HAs are protonated, the connected region becomes more hydrophobic and less solvated and is thus expected to sorb hydrophobic organic compounds more strongly, especially those with very large hydrophobicity. However, it can be derived that the protonationdeprotonation transition of carboxyl groups does not influence the overall hydrophobicity of CHA and SHA to the same degree. This is because, otherwise, the two HAs would show similar trends of pH effects on sorption of the nonpolar solutes (PHEN, TeCB) due to the predominance of hydrophobic partition.
The different patterns of pH-dependent sorption observed between the two HAs can be explained by their respective structural characteristics. The soil humic acid has a much higher overall polarity, as indexed by the (OϩN)/C ratio (Table 2 ) and as demonstrated by the structural information obtained by solid-state NMR, and is more enriched in polar structures (peptides and carbohydrates) than CHA. Accordingly, the distinct components of SHA become tightly bound to form more condensed structures via intramolecular H bonding at the low pH, resulting in more sensitive pH-dependent sorption. In fact, previous studies have indicted that in addition to polarity, conformation and size of sorption domains also strongly impact the binding ability of HAs for nonpolar solutes [17, 18] . Chiou et al. [18] found that in contrast to a soil HA, a model dissolved organic matter of polyacrylic acid (PAA) exhibits no enhancing effects on the aqueous solubility of several nonpolar solutes. This seems contradictory to the fact that PAA has a molecular weight between 2,000 and 90,000 and an OC content of 50%, which are comparable with those of the soil HA. The investigators attributed the low association affinity of organic compounds to PAA to its frequent and periodic attachment of hydrophilic carboxyl groups to the carbon chain, prohibiting the formation of a sizable intramolecular nonpolar domain. After long-term diagenesis, CHA is composed of highly cross-linked, large-sized hydrophobic domains whose conformation and overall hydrophobicity would not be much influenced by the protonation-deprotonation transition of carboxyl groups pointed outward to surrounding water molecules. Alternatively, SHA consists of low-sized, polar structures of lignin, carbohydrates, and peptides that may be networked by intramolecular H bonding to form larger and more hydrophobic sorption domains as pH decreases. This helps explain why the sorption of the two nonpolar solutes (PHEN, TeCB) to CHA is much higher than that to SHA (Fig. 4a) , and SHA shows stronger trends of pH-dependent sorption than CHA toward the two solutes (Fig.  5) . This hypothesis is supported by the relationship of the E4/E6 ratio versus pH observed for the two HAs (Fig. 3) . Surprisingly, a much weaker pH effect on sorption to SHA is observed for DCP than for PHEN and TeCB. Increasing the pH from 2.3 to 6.5 decreases the sorption of PHEN and TeCB by more than one order of magnitude, but decreases that of DCP by only half (Fig. 5 ). This is because DCP is much less hydrophobic than PHEN and TeCB (see values in Table 1) , and the pH-dependent hydrophobicity of HAs does not affect the hydrophobic partition of DCP as much as that of PHEN and TeCB. Moreover, the hydrophobicity-normalized sorption data (Fig. 4b) imply, in contrast to PHEN and TeCB, that the sorption of DCP is controlled mainly by polar interactions with polar functional groups in HAs. Note within the pH range of 2.3 to 6.5, DCP should be predominantly in the protonated form (the pK a of 2,4-dichlorophenol is 7.85 [36] ). Therefore, DCP may act as an H donor or an H acceptor with -COOH groups and as an H donor only with -COO Ϫ groups. However, available thermodynamic information is inadequate for evaluating how the protonation-deprotonation transition of carboxyls would influence the intensities of H bonding of a protonated phenolic compound, particularly when competition with water molecules may also have to be included for consideration. Nonetheless, changing pH over the tested range seems to have insignificant effect on H bonding of DCP with HAs, based on data of the present study.
CONCLUSION
Detailed characterization by elemental analysis and spectroscopic techniques verified very different structural natures of the two HAs: CHA consists primarily of poly(methylene)-rich aliphatics with high aromatic content and some COO/N-CϭO but low polarity, while SHA consists of young materials of lignin, carbohydrates, and peptides with high polarity. In agreement with the larger hydrophobicity, CHA showed much stronger sorption affinity than SHA for nonpolar and highly hydrophobic solutes (PHEN, TeCB) because of the predomi-
